Introduction: Men and women may be differentially sensitive to the acute perceptual responses to smoking cigarettes that vary in nicotine content ("dose") but are matched on non-nicotine constituents. Methods: Dependent adult smokers (43 M, 31 F) took four controlled puffs from Spectrum research cigarettes that were moderate (16-17 mg/g) or very low (0.4 mg/g) in nicotine content, and matched on "tar. " To ensure reliable responses, each cigarette was administered singly five times in random order under blind conditions, with one or the other provided every 15 minutes over a 2.5-hour session following overnight abstinence. Subjective perceptions (eg, "satisfying" , "how much nicotine") were rated after each cigarette. Results: Subjective ratings differed due to cigarette nicotine content, as expected, and did so differentially between men and women. The interaction of nicotine content by sex was significant for most rated subjective perceptions of the cigarette, as multivariate analyses showed that differences due to nicotine content were highly significant for men (p < .001) but only marginal for women (p = .08). Conclusions: Relative to men, women's subjective responses to acute smoking are less sensitive to differences in cigarette nicotine content. To our knowledge, this is the first comparison of sex differences in response to very carefully controlled doses of smoked nicotine per se. Further research should examine possible sex differences in nicotine dosing administered by other smoked and nonsmoked methods, as well as the developmental pattern of these differences during onset and during cessation of dependent smoking. Implications: Subjective perceptions of smoking cigarettes varying in nicotine contents differ between men and women. These results with research cigarettes are similar to other studies with carefully dosed nicotine administration by other means, supporting the notion that women, relative to men, are less sensitive to pharmacological factors and more sensitive to nonpharmacological factors in acute cigarette smoking. Future studies are warranted to examine sex differences in other responses to controlled nicotine intake via smoking, and via other smoked and nonsmoked methods of administering nicotine doses.
Introduction
Pleasurable subjective responses to acute nicotine intake contribute substantially to the positively reinforcing effects of cigarette smoking behavior, 1, 2 separate from its relief of abstinence-induced withdrawal or craving (ie, negative reinforcement). 3 Yet, smokers differ in the magnitude, and perhaps even the pattern, of pleasurable responses to acute nicotine. 4, 5 For example, men and women differ in sensitivity of some responses to acute nicotine dosing. 6, 7 Because cigarette smoking stimuli involve more than just intake of nicotine, 8, 9 the relative contributions of pharmacological versus nonpharmacological factors to sex differences in acute responses to smoking need to be taken into consideration.
Regarding pharmacological factors, men and women generally do not appear to differ in nicotine pharmacokinetics (ie, rate of uptake and clearance of nicotine), 10 unless women are taking oral contraceptives. 11 However, sex differences in pharmacodynamic responses to controlled nicotine dosing may be likely for some acute effects. [12] [13] [14] Even less explored are sex differences in responses to the nonpharmacological factors involved in acute smoking, which requires careful control over nicotine dosing (ie, pharmacological factors). We have long observed that acute smoking behavior in women, relative to that of men, is influenced less by intake of nicotine per se and more by non-nicotine factors, [15] [16] [17] [18] perhaps similar to some findings in preclinical research. 19 Acute smoking studies manipulating the amount of nicotine exposure (via FTC-determined "yield" of commercial cigarettes) have found that women, compared to men, are generally less sensitive to nicotine per se on subjective ratings of "reward" 20, 21 and more sensitive to non-nicotine factors (eg, cues, olfactory smoke stimuli). 16, 18, 22 "Reward" is not precisely defined but often refers to the pleasurable hedonic value of a substance, usually assessed with self-report measures of "liking", "satisfying", "good drug effects", etc. 23 On the other hand, even these sex differences in subjective responding to nicotine via smoking may be uncertain. As noted, this prior research used commercial brands varying in nicotine yield (eg, "full flavor" vs. "light" brands), in which nicotine delivery is engineered by manipulating the filter ventilation holes, rather than by the actual nicotine content of the tobacco. Yet, smokers can override effects of this ventilation, by intensifying their puff topography or by covering over the holes. 24, 25 For this reason, a commercial cigarette's labeled yield is limited as a measure to assess delivery of its nicotine dose, 26 raising the possibility that variations between cigarettes other than precise differences in intake of nicotine may have influenced the differential reward responses between men and women. This may include variable contents of other constituents in commercial cigarettes that could affect responses, beyond their nicotine yield. 27 Research cigarettes varying in documented nicotine content of tobacco (ie, "dose"), while matched on non-nicotine constituents, are now available (called Spectrum, through the National Institute on Drug Abuse). These research cigarettes are engineered to provide specific nicotine contents, from very low to moderate (relative to commercial brands), to aid study of effects due to known amounts of nicotine delivery. 28, 29 Unlike with commercial cigarettes, smokers cannot readily obtain greater nicotine from a research cigarette with specific contents, allowing much better control over dosing and, therefore, testing of acute responding to differences in nicotine doses via smoking. Also advantageous is the fact that these cigarettes are available in menthol or nonmenthol versions, allowing for testing with smokers preferring one or the other brand of cigarettes. Inclusion of menthol smokers broadens the generalizability of results due to nicotine contents, as menthol brands are preferred by about one-third of U.S. smokers 30 and more often among women and among African American smokers. 31 Given the recency of their availability, controlled research is limited on acute subjective responses to Spectrum cigarettes. One study assessed subjective effects of an exposure to each of several Spectrum cigarettes varying in lower nicotine contents after a smoking-satiated baseline condition, finding generally dose-dependent effects. 29 We also recently found differences in similar subjective responses between Spectrum cigarettes that were barely discriminable, relative to comparison Spectrum cigarettes that were not discriminable, 32, 33 further supporting the relevance of acute subjective effects of smoking to behavioral responses.
The current within-subjects study assessed acute subjective perceptions of Spectrum research cigarettes with moderate (16-17 mg/g) or very low (0.4 mg/g) nicotine contents, those differing more widely in nicotine than in the recent studies. Participants were male and female dependent smokers abstinent at baseline. Also, five exposures to each cigarette helped establish reliable responding. We hypothesized that differences due to cigarette nicotine content would be less in women compared to men. These differences were expected owing to generally lesser sensitivity of women to nicotine intake per se and greater sensitivity to the non-nicotine aspects of smoking, which here were closely matched between cigarettes.
Methods

Participants
Eligible subjects were required to be aged 18-65 years, smoke for ≥ 1 year, nicotine-dependent, fluent in English, and not currently diagnosed with serious medical or psychological problems (eg, cancer, heart disease, psychosis, major depression). All were those not interested in quitting smoking soon who responded to online or posted study ads (briefly describing the study and offering payment for participation). Enrolled participants were dependent smokers who either preferred nonmenthol (n = 29; 21 M, 8 F) or menthol (n = 45; 22 M, 23 F) cigarette brands. Nicotine dependence was confirmed by presence of DSM-V criteria, 34 using a structured interview updated from Breslau et al. 35 All also completed the Fagerstrom Test of Nicotine Dependence (FTND). 36 Mean (SD) characteristics for the 43 men and 31 women are shown in Table 1 . No differences due to sex were significant for most characteristics, but women were more likely to prefer menthol, χ reported. 31 For this reason, menthol preference was a blocking variable in the primary comparisons of subjective reward in response to the cigarette's nicotine content due to subject sex (see Analysis section).
Research Cigarettes
Menthol and nonmenthol versions of the Spectrum investigational research cigarettes, manufactured by 22
nd Century Group (Clarence NY; http://www.xxiicentury.com/), were obtained from NIDA's Drug Supply Program. Selected for the current study were the two most widely differing in nicotine contents but similar on "tar" yield (to isolate only their differences in nicotine per se). By design, the menthol and nonmenthol versions of these Spectrum cigarettes were closely matched on nicotine contents. Contents for menthol were approximately 16 mg and 0.4 mg of nicotine per gram of tobacco (ie, mg/g), while the corresponding contents for nonmenthol were 17 mg/g and 0.4 mg/g (combining from two Spectrum batches). All also had about 9-10 mg "tar". (To compare with commercial brands, both of these Spectrum menthol and nonmenthol research cigarettes correspond to approximately 0.8, and 0.03 mg nicotine "yields" by FTC method, as reported in http://grants.nih.gov/grants/ guide/notice-files/NOT-DA-14-004.html. Commercial brands typically yield about 0.9 mg nicotine, and 10 mg "tar." 27 ) Note that we matched menthol versus nonmenthol Spectrum cigarettes with smokers who preferred menthol or nonmenthol commercial brands, respectively, to ensure their responses would reflect how smokers in the natural environment would likely respond to cigarettes differing in nicotine content. Doing so avoided the unknown relevance of reward responses by smokers administered cigarettes with nonpreferred flavorings. 37 
Control of Exposure to Each Cigarette
The portable Clinical Research Support System (CReSS; Borgwaldt KC, Inc., Richmond VA) was used to standardize smoke intake from all cigarettes at four puffs per trial of exposure to one or the other cigarette (see Procedures), similar to prior studies testing subjective responses to cigarettes differing in nicotine. 20 One puff, with a 2-second "hold" duration, was taken every 30 seconds, according to computer-displayed instructions standardizing smoke intake at approximately 60 mL per puff to simulate that from typical ad lib puffing. 38, 39 Intertrial intervals of 15 minutes minimized smoking satiation or toxicity. Smoking four puffs per cigarette was also that chosen by Hatsukami et al. 29 and is the typical exposure by a smoker when forming expectations about a cigarette. 40 In short, four puffs per trial delivered a "dose" of nicotine sufficient to elicit the cigarette's subjective rewarding effects but to also prevent smoke satiation or toxicity. 32 
Procedures
Participants were abstinent from smoking overnight prior to the session, confirmed by CO ≤ 10 ppm 41 assessed by BreathCO CO monitor (Vitalograph, Lenexa, KS). The two cigarettes were presented individually in random order across the four-puff trials (five per cigarette type), one every 15 minutes. In brief, the first two trials involved one exposure to one and then one exposure to the other of the two cigarettes, again randomly determined, but subsequent trials could involve exposures to the same cigarette on two consecutive trials (but not more than two). In other words, each cigarette had a 50% probability of being administered on a given trial, and trial orders were equal for men and women. After the last puff in each trial, subjects completed a brief self-report measure on their subjective perceptions of that cigarette. This measure included six items expected to be sensitive to nicotine content, 21, 22 asking how much "nicotine", "flavor", and "liking" they experienced, and how "satisfying", "strong", and "similar to own brand" the cigarette was. Each was rated on a 0-100 visual analog scale (VAS), anchored by "not at all" to "very much." 39 Thus, this measure focused on the participants' ratings of the hedonic value of the cigarette, and not on changes in their emotional state that can be assessed independently of smoking behavior. This study, approved by the University of Pittsburgh Institutional Review Board, assessed responses from all who were enrolled in a project that involved a variable number of subsequent sessions conducted with a smaller subset of participants. 33 
Data Analyses
Subjective perceptions of the cigarettes were compared using repeated measures multivariate analysis of variance (RM MANOVA), with nicotine content as a within-subjects factor, sex as a between-subjects factor, and menthol as a between-subjects blocking variable. These same analyses were used to test puff topography from the two cigarettes, to confirm similar smoking exposure. As a test of assumptions for using menthol as a blocking variable, interactions between menthol, nicotine content, and/or sex were examined for both sets of outcomes. ) was calculated as a measure of effect size.
Results
As intended, no differences in smoking topography were found for the main effect of nicotine content, F(1,70) = 1.9 ns, with means (SEM) of 63.0 (2.2) versus 61.7 (1.9) mL for the 16-17 mg/g versus 0.4 mg/g nicotine cigarettes, respectively, or for the interaction of sex with nicotine content, F(1,70) = 0.2 ns. However, consistent with other studies, 42, 43 there was a main effect of sex on puff volume, F(1,70) = 17.80, p < .001, η 2 p = 0.2, as men had higher mean puff volumes compared to women, 70.7 (2.2) versus 53.4 (2.6) mL, respectively. Yet, because of the within-subjects design of this study, these preliminary analyses document that smoking exposure was equal between the two cigarettes differing in nicotine content, for men and for women.
Multivariate analyses revealed a significant main effect of nicotine content across the linear combination of the subjective responses, F(6,65) = 12.71, p < .001, η 2 p = 0.5. As expected, univariate followups showed significantly higher ratings for the 16 More importantly, the multivariate interaction of nicotine content by sex was significant, F(6,65) = 2.37, p < .05, η 2 p = 0.2, indicating differences in responding across the linear combination of subjective items between nicotine contents as a function of sex. Follow-up multivariate analyses showed that the main effect of nicotine content was highly significant for men, F(6,36) = 16.11, p < .001, η 
Discussion
We found differences between men and women in their sensitivity to the nicotine content of research cigarettes on ratings of their perceptions of those cigarettes. In multivariate analyses following up the significant overall interaction of nicotine content by sex, the effect of nicotine content on rated perceptions was highly significant in men but only marginal in women. This study goes beyond the few prior studies of sex differences in subjective responses to acute smoking by very carefully controlling puff topography and by closely manipulating nicotine delivery via use of Spectrum research cigarettes. They allow for better comparisons of responding to nicotine dosing per se via smoking since they have known, widely differing nicotine contents but are matched on non-nicotine constituents. These results are consistent with research showing comparable sex differences in other responses to acute smoking exposure as a function of the manipulation of nicotine versus non-nicotine cigarette stimuli. 16, 18, 44 They are also consistent with studies showing less sensitivity of women to relief from abstinence symptoms due to nicotine per se from acute smoking, that is, negative reinforcing effects. 45 One prior study did not find sex differences in subjective effects from smoking Spectrum cigarettes, but it compared a broader variety of responses in nonabstinent smokers to cigarettes differing less markedly in nicotine content (11-12 vs. 0.4 mg/g) and with less control over topography of the single exposure to each, 29 relative to the current study. Although speculative, these sex differences in sensitivity to pharmacological versus nonpharmacological factors in acute smoking may be one aspect of a much larger difference between men and women, which suggests women are more sensitive to exteroceptive cues for affect while men are more sensitive to interoceptive cues. 46 With the recent availability through NIDA of these Spectrum research cigarettes differing in known nicotine contents, potential sex differences in other acute responses to smoked nicotine may warrant study. For example, sex differences in self-administration behavior may occur as a function of cigarette nicotine content, as previously seen in studies of cigarettes varying in nicotine yield 21 or nicotine administered via nonsmoked means. 15 A second example may be differential relief of withdrawal or craving due to acute exposure to these cigarettes under carefully controlled conditions. 45 However, the chronology of onset for these smoking abstinence symptoms is much longer than for intermittent acute perceptual ratings of four puffs on a cigarette, as in this study. Thus, a test of abstinence relief effects due to different cigarettes administered individually likely requires separate sessions, 45 which could attenuate differences in subjective responses to these cigarettes. 21 We could not simultaneously assess withdrawal relief as well as the acute cigarette perception ratings, given our within-session comparison between cigarettes, but it is conceivable that those perception ratings may be affected by the concurrent relief of withdrawal the smoker is experiencing by smoking one cigarette or the other. Such differences in perceptions due to nicotine content also could vary when administered via commercial brand cigarettes, because those also may contain various additives affecting acute responses to smoking that were explicitly omitted in these Spectrum research cigarettes. 27, 29 Perhaps similar is the possibility that switching to long-term use of very low nicotine content cigarettes in an effort to eventually quit all combustible smoking 28 may be differentially efficacious between women and men. Their quit success after transitioning to these cigarettes may depend on the relative degree to which persistent exposure to the nonpharmacological effects of smoking, while eliminating nicotine intake, facilitates eventual cessation. At the start rather than end of the dependence process, another future direction could explore when these sex differences in responses to nicotine versus non-nicotine stimuli of smoking become apparent during or after the onset of smoking. The focus here could be to gauge their rate of development over time and the degree to which they depend on the presence of nicotine dependence. 47 Similar comparisons of sex differences in these subjective responses should be examined with other smoked or nonsmoked forms of acute doses of nicotine exposure, such as via hookah, smokeless, or electronic cigarettes. We assessed most of the self-report items from this study in an earlier comparison of nicotine versus placebo e-cigarettes, finding no sex differences in these responses. 48 Yet, each e-cigarette was administered in separate sessions, which as noted may attenuate differential responding between cigarettes relative to differences to each when assessed intermittently within a single session. 21 Also, that sample of male and female smokers with no history of regularly using e-cigarettes was small. Moreover, because women appear to be more sensitive to nonpharmacological stimuli accompanying nicotine intake via cigarette smoking, the form of nicotine administration used to assess sex differences in acute responding likely has to be one already very familiar to the participant, so that the accompanying stimuli have become secondary reinforcers of use. 49 Regarding possible study limitations, these perceptual ratings of research cigarettes differing in nicotine content were made within one session, raising the potential for carryover effects between 15-minute trials. Consistent with similar acute research, 29, 32, 33 minimizing possible carryover effects was one reason that exposure to each cigarette on each trial was limited to four controlled puffs, along with avoiding smoke toxicity across trials from the higher nicotine cigarette. If such carryover effects had occurred, differences in subjective perceptions of the cigarettes should have been attenuated, and the sex differences reported here would be even more substantial. Yet, we have observed greater differences in perceptions of cigarettes varying in nicotine when assessed concurrently in a single session, relative to testing of each cigarette in separate sessions, 21 contrary to the notion of carryover effects. Similarly, if our procedure had involved greater numbers of puffs per exposure to each cigarette per trial, the sex differences in responding as a function of cigarette nicotine content could have been further enhanced, although risk of toxicity would have increased.
Among other limitations, men and women differed on likelihood of menthol preference, as commonly observed. 31 Yet, we adjusted for this difference by using menthol preference as a blocking variable, and we previously reported no effects of menthol per se on subjective responses to Spectrum cigarettes. 33 Women also had smaller puff volumes than men, as also observed previously, 42, 43 but exposure between cigarettes varying in nicotine content was the same within participants, further demonstrating the effectiveness of our puffing procedure instructions. Moreover, the roughly 20% less volume per puff in women smokers might be expected, based on their comparably lower body weights, relative to men. 50 Blood samples were not assessed, partly due to the intermittent administration of the two cigarettes within one session, preventing us from confirming plasma nicotine levels from smoking these cigarettes. However, similar sex differences have been observed in nicotine administered by other means in doses that were corrected for body weight. 7, 13 In conclusion, men and women differ in response to perceptual ratings of cigarettes varying in known nicotine contents but very similar in other constituents, further supporting the idea that women, relative to men, are less sensitive to pharmacological factors (especially nicotine) and more sensitive to nonpharmacological factors (eg, visual, olfactory stimuli) in acute cigarette smoking. Future studies should examine other perceptions or behavioral responses to carefully controlled nicotine intake via smoking aside from those tested here that may differ due to cigarette nicotine content. Comparable comparisons between men and women in acute responses to other smoked and nonsmoked forms of nicotine intake are also warranted.
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